Many plant viral RNAs lack the 5 -cap structure that is required on all host mRNAs for interacting with essential translation initiation factors. Instead, uncapped viral RNAs take over the host translation machinery by harbouring sequences that functionally replace the 5 -cap. Recent reports reveal at least eight different classes of CITE (cap-independent translation element) located in the 3 -UTRs (untranslated regions) of various viruses. We describe how the structure and behaviour of each class of element differs from the other classes, suggesting that they recruit translation factors and, ultimately, the ribosome by diverse mechanisms. These results greatly expand our understanding of ways in which mRNAs can recruit ribosomes, and they provide insight into the regulation of virus gene expression.
Introduction
All RNA viruses are parasites of their host's translation machinery [1] . Hence, plant viral RNAs are among the most efficient mRNAs in eukaryotes. Understanding how viral RNAs usurp the cell's translational apparatus sheds light on mechanisms of translation in plants and provides important knowledge of regulation of viral gene expression.
All plant mRNAs have a m 7 GpppG [7-methylguanosine-(5 )triphospho(5 )guanosine] 5 -cap structure and a poly(A) tail at the 3 -end. These modifications are essential for efficient binding of translation initiation factors that recruit the ribosome to the mRNA [2] . The cap structure is bound by the eIF (eukaryotic initiation factor) 4E subunit of eIF4F, which is a heterodimer of eIF4E and eIF4G. eIF4G also binds poly(A) tail-bound PABP [poly(A)-binding protein], thus circularizing the mRNA, and other factors. eIF4G then recruits the 40S ribosomal subunit via interaction with eIF3 [3] . Plants contain a second form of eIF4F, called eIFiso4F which consists of eIFiso4E and eIFiso4G [4] .
In contrast with the mRNAs of their hosts, the mRNAs of a large portion of all plant viruses, including those in the Potyviridae, Comoviridae, Tombusviridae and Luteoviridae families and the Sobemovirus and Umbravirus genera, lack a m 7 GpppG 5 cap structure. Yet all of these viral RNAs are very efficient messages. Many uncapped animal viral RNAs harbour an IRES (internal ribosome entry site) that allows efficient cap-independent translation initiation [5, 6] . Animal virus IRESs facilitate entry of the ribosome at a site distant from the 5 -end of the mRNA to a position located closely The BTE, found in all members of the Luteovirus [10] , Dianthovirus [19] , and Necrovirus [20, 21] genera, and in two umbraviruses. (C) The TBSV CITE, found in nine members of genus Tombusvirus [23] . (D) The predicted MNeSV CITE secondary structure is [25] also predicted for MNSV. (E) The PTE, also present in PEMV RNA 2. (F) Predicted structure of the BRV RNA2 CITE [32] . Shaded text indicates the stop codon of the RNA 2 ORF.
upstream of, or at, the initiation codon. IRESs have been reported in several plant virus families as well [7] [8] [9] .
A new type of CITE (cap-independent translation element) (3 -CITE), known only in plant viral RNAs, has emerged in an ever-increasing number of plant virus genera. The 3 -CITE is located in the 3 -UTR (untranslated region), yet confers very efficient initiation at the 5 -proximal AUG codon on the mRNA [10] . These CITEs do not act as IRESs, although some co-operate with an IRES. To date, 3 -CITEs fall into at least eight structural classes. These 3 -CITE classes show no apparent sequence or structural similarity to each other, although almost all contain a stem-loop in which the loop is known or predicted to base-pair to the 5 -UTR.
TED (translation enhancer domain) of STNV (satellite tobacco necrosis virus)
The first discovered 3 -CITE was the TED of STNV [11, 12] . The TED consists of a rather loosely structured, ∼100 nt, bulged stem-loop ( Figure 1A ), located at the 5 -end of the 620 nt 3 -UTR of STNV RNA [13] . Although the terminal loop is predicted to base-pair to a loop in the short 5 -UTR, mutagenesis experiments showed only a slight reduction in translation activity when this base-pairing was disrupted [14] . The STNV TED confers cap-independent translation when moved to the 5 -UTR or even within a coding region [13] . It bears no resemblance to the CITE in the 3 -end of its helper virus, TNV (tobacco necrosis virus) on which it depends for replication (see below).
BTEs [BYDV (barley yellow dwarf virus)-like cap-independent translation elements]
The BTEs vary in length, but all contain a 17 nt conserved sequence (bold italic text, Figure 1B ) [15] and a nearby stable stem-loop (SL-III) that base-pairs to the 5 -end of the mRNA via a kissing stem-loop interaction [16] . Deletion or mutagenesis of the approx. 100 nt BTE of BYDV reduces translation efficiency 8-20-fold in wheat germ extract and 50-100-fold in protoplasts [15] . Addition of a 5 -cap restores translation. Like the STNV TED, the BTE functions equally well in the 3 -and 5 -UTRs [17] . There is little structural requirement in the 5 -UTR other than an available sequence complementary to the BTE loop. The BTE conferred cap-independent translation even when added to the 3 -end of a reporter RNA containing DV (dengue virus) UTRs [18] . As in other flaviviruses, the 5 -end and 3 -UTR of DV RNA base-pair to each other. Thus the 3 -BTE need not base-pair to the 5 -UTR as long as sequences in part of the 3 -UTR can base-pair with the 5 -end.
Compared with the BYDV BTE, the BTE in RNA 1 of RCNMV (red clover necrotic mosaic dianthovirus) contains two extra helices protruding from the central hub [19] . Like the STNV TED, but unlike many other 3 -CITEs (see below), mutagenesis of the loop predicted to base-pair to the 5 -UTR did not disrupt translation. However, unpredicted base-pairing to the 5 -UTR may have occurred. Given the strong phylogenetic conservation of potential kissing stem-loop interactions with the 5 -UTR in all BTEs, a biological function is likely.
The BTEs in TNV [20, 21] and other necrovirus RNAs [22] lack SL (stem-loop)-II ( Figure 1B) . Disruption of the predicted kissing of TNV SL-III to the 5 -UTR greatly reduced translation [20, 21] . The relative translation efficiencies of the TNV BTE and the unrelated TED of STNV RNA may be important to maintain the parasitic relationship between STNV and its helper virus. However, they have yet to be compared directly.
Two umbraviruses, ground nut rosette and tobacco bushy top, harbour apparent BTEs. They contain the 17 nt consensus sequence and a stable SL-III homologue with complementarity to the very short (10-20 nt) 5 -UTR (Z. Wang and W.A. Miller, unpublished work). Interestingly, two other umbraviruses, including PEMV (pea enation mosaic virus) RNA 2 (below), lack BTE motifs.
TBSV (tomato bushy stunt virus)
Probably all nine genera of the Tombusviridae have a 3 -CITE, but the structures differ greatly among genera. For example, the necro-and diantho-viruses appear to be the only Tombusviridae genera that contain a BTE. In contrast, cap-independent translation of TBSV (genus Tombusvirus) relies on a 3 -UTR region called R3.5 (along with flanking bases) that does not resemble a BTE. Instead, R3.5 forms a Y-shaped structure ( Figure 1C ) that is highly conserved among all nine viruses in the genus [23] . Long distance base-pairing between nine nucleotides in the loop and stem of SL-B (bold text, Figure 1C ) and a T-shaped replication element in the 5 -UTR is essential for translation [23, 24] . Interestingly, unlike the BTE-5 -UTR interaction, the long-distance kissing loops of TBSV tolerate many base changes, as long as complementarity is preserved [23] .
MNeSV (maize necrotic streak virus)-like elements
The 3 -CITE of MNeSV (Tombusviridae, no genus assigned) is predicted to form a long bulged stem-loop ( Figure 1D ) [25] . It superficially resembles STNV TED, but the MNeSV CITE has no sequence or structural motifs in common with the STNV TED, suggesting that it comprises a separate class of 3 -CITE. Its predicted kissing loop to the 5 -UTR does resemble that of TBSV at five bases (bold text, Figures 1C  and 1D ). Nieto et al. [26] have suggested that MNSV (melon necrotic spot carmovirus) (Tombusviridae), may contain a 3 -CITE. We found a potential MNeSV-like structure in the MNSV 3 -UTR (Z. Wang, unpublished work), suggesting that it fits in the MNeSV class of 3 -CITE.
PTEs [PMV (panicum mosaic virus)-like translation elements]
PMV (Tombusviridae) RNA contains a 3 -CITE with a predicted T-shaped structure [27] . One loop (bold text, Figure 1E) has the potential to base-pair to the 5 UTR. As with the STNV TED and the BTE, the PTE can function in various regions of the genome [27] . PEMV RNA 2 (genus Umbravirus, no family assigned) harbours a CITE very similar to that of PMV (Z. Wang, unpublished work). It has a predicted T-shaped structure with stem-loops of the same lengths as those in the PMV CITE. The only notable sequence similarity between the two CITEs is the CCC tract (bold italic text, Figure 1E) in the four-base bulge that separates the two branches.
TCV (turnip crinkle virus)
TCV (Tombusviridae) has a 3 -CITE in the 5 155 nt of the 3 -UTR [28] . Using the CLC RNA Workbench folding program, we predict that this CITE forms a Y-shaped structure (different from that of TBSV). Two laboratory groups failed to find potential base-pairing between this 3 -CITE and the 5 -UTR [23, 28] . However, we predict that a loop (nucleotides 3836-3841) at the end of one branch of the putative Y-shaped structure forms a kissing interaction with a prominent loop in the first ORF (open reading frame) (nucleotides 545-550) in TCV RNA (GenBank R accession number AY312063). Although this is far from the 5 -end in linear sequence, the secondary structure of the 5 -end is predicted to bring this kissing loop close to the 5 -terminus (K. Treder, unpublished work), as is the case for other 3 -CITEs. Surprisingly, the 3 CITE may be host-specific, because it is necessary for TCV accumulation in Hibiscus protoplasts, but deletion of the entire 3 -CITE did not affect virus accumulation in Arabidopsis protoplasts [29] .
HCRSV (hibiscus chlorotic ringspot virus)
A totally different interaction is predicted for HCRSV (Tombusviridae). It has an ill-defined 3 -UTR CITE of at most 180 nt [30] that is reported to co-operate with a 100 nt IRES located in the middle of the genomic RNA, 123 nt upstream of the coat protein ORF [31] . In wheat germ extract, the 3 -CITE and IRES synergistically enhance translation of the 5 -distal ORFs that they flank by a proposed mechanism in which portions of each element base pair to different portions of 18S rRNA [31] . This is the first report of an IRES in the Tombusviridae.
BRV (blackcurrant reversion virus)
Base-pairing between a sequence in the 3 -UTR of BRV RNA 2 and a sequence in the 5 -UTR was shown by co-variation mutagenesis to be required for cap-independent translation in vitro and in vivo [32] . The predicted structure of the 3 -element ( Figure 1F ) has not been determined experimentally, neither have the ends been defined. However, kissing stemloop interactions between the 3 -and 5 -UTRs, usually featuring AU-and GU-rich stem regions, are conserved in both RNAs of all 14 nepovirus genomes examined. The presence of a 3 -CITE in a virus, with a VPg (viral genome-linked protein) and a poly(A) tail (both lacking in all viruses above), which is totally unrelated to Tombusviridae, greatly expands the range of viruses that can harbour a 3 -CITE. The 5 -UTR of BRV RNA 2 serves as an IRES [33] . In bicistronic constructs containing the BRV RNA 2 5 -UTR sequence in the intergenic region, the downstream ORF was translated efficiently, independently of the translatability of the upstream ORF in vitro and in vivo. Neither the 5 -IRES nor the 3 -CITE was shown to function in the absence of the other, so together they may be function as a single element split between the 5 -and 3 -UTRs.
Why a 3 -CITE?
Location of the CITE in the 3 -UTR provides two advantages. For the Tombusviridae-like viruses (all except for BRV), it allows the single copy of the element in genomic RNA to be present in the 3 -UTRs of the viral sgRNAs (subgenomic RNAs), all of which have the same 3 -end as genomic RNA. This helps minimize viral genome length. In TCV [28] , MNeSV [25] and BYDV [34] , the sgRNAs are translated more efficiently than genomic RNA in competitive conditions due to their different 5 -UTRs. In BYDV infections, a second sgRNA that consists of the viral 3 -UTR including the 3 -CITE, acts in trans to favour translation of the coat protein sgRNA over the genomic RNA [34] . Preferential translation of sgRNA facilitates a switch from early (mainly genomic RNA) to late (mainly sgRNA) translation. A second reason for the 3 location of the CITE is that it can allow the viral replicase to shut off translation of the genomic RNA that it is copying before the replicase encounters ribosomes moving in the opposite direction on the same RNA [10, 35] . This would free the genome of ribosomes that are known to block replicases on the same RNA template [36] before the replicase reached that portion of the genome.
Mechanisms
Investigation of the mechanisms by which 3 -CITEs recruit translation machinery is in its infancy. Specific binding of the STNV TED to eIF4F or eIFiso4F is required for translation [37] . Both the eIF4E and eIF4G subunits of eIF4F participate in this interaction. In contrast, the BYDV BTE relies on eIF4F [15] , but binds primarily to the eIF4G subunit and has little need for the eIF4E subunit or eIFiso4F [38] .
Genetic evidence supports roles for eIF4F and eIFiso4F components in infection by many viruses with uncapped RNAs [39] . Mutations in eIF4G and eIF4E confer recessive resistance to TCV [40] and MNSV [26] respectively. The mutation in eIF4G (cum2 resistance gene) prevented TCV translation [40] , whereas mutations in eIFiso4E that conferred resistance to potyviruses did not affect TCV infection [41] . The dependence of TCV, MNSV, STNV and BYDV RNAs on different initiation factors reveal that the diverse 3 -CITEs use diverse mechanisms of recruiting the ribosome.
We propose that the diverse 3 -CITEs have evolved like RNA aptamers to bind different domains on various translation initiation factors. These factors are then delivered to the 5 -end by long-distance base-pairing (Figure 2 ). They then recruit the 40S subunit which scans to the first AUG. Obviously, much work remains to test this and other mechanisms for the elements described here.
Whatever the mechanisms, ultimately they achieve the same end result, because different 3 -CITEs are interchangeable: the distribution of 3 -CITE classes does not correlate with virus taxonomy. For example, the four genera known to harbour BTEs are in at least two virus families, whereas viruses in the same genus (Umbravirus) or family (Tombusviridae) can have entirely different classes of 3 -CITE. Thus recombination between viruses to exchange 3 -CITEs occurs relatively frequently.
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